Abstract: Single-shot ultrafast irradiation of Au microstructures on Si substrates forms Laser Induced Periodic Structures (LIPS) on Si surfaces near features. Surface plasmon polariton excitation influences LIPS formation for certain polarization vector orientations with edges.
Introduction
For metals and semiconductors, Laser Induced Periodic Structures (LIPS) typically form on polished, bulk substrates with wavevectors parallel to the laser polarization and after irradiation with multiple laser shots [1] . The interaction of laser light with rough surfaces establishes an interference pattern on the surface, and LIPS form with periods (Λ) close to the incident laser wavelength as a result of periodic variations in the surface temperature [1, 2] . Surface Plasmon Polariton (SPP) excitation has been shown to play roles in LIPS formation after irradiation of bulk substrates with multiple laser shots [3, 4] . However, LIPS do not always form with wavevectors parallel to the laser polarization [3, 5] . To simplify the interpretation of the LIPS formation mechanisms, we irradiate Au microstructures (mesas) deposited onto polished Si substrates with single laser shots. We will show that LIPS form on Si surfaces near mesa edges after single-shot irradiation and LIPS formation was observed for all orientations of the laser polarization with respect to mesa edges, even when SPP excitation is forbidden. These results are extended to irradiation of bulk substrates with multiple laser shots.
Experimental setup
The laser used was a Clark-MXR CPA-2001 Ti:sapphire pulsed laser with a 150 fs pulse length, centered at a wavelength λ = 780 nm, repetition rate of 1 kHz, and a Gaussian intensity profile. A plano-convex lens with a 20 cm focal length was used to focus the linearly polarized laser light to a 1/e 2 diameter of ~ 40 μm. Single laser shots were isolated from the pulse train using an optical chopper and a mechanical shutter. Au mesas were deposited onto Si substrates using photolithography with a 100 nm thick Au layer and a 10 nm thick Ti layer between the Au film and Si surface, giving a total mesa height of 110 nm. All mesa irradiation experiments were performed in air using single laser shots and laser light s-polarized with respect to the Si surface. The focused laser spots were centered on mesa edges. Irradiated surfaces were characterized using an Olympus BX-51 fluorescence microscope with Differential Interference Contrast (DIC) and a Veeco Dimension Icon Atomic Force Microscope (AFM) operated in tapping mode.
Results and discussion
A mesa edge before irradiation is shown in Figure 1 Mesa edges act as sources for LIPS formation after single-shot irradiation. Fourier transforms from at least 30 different periods obtained from AFM traces, calibrated to ± 10 nm in-plane, show that for LIPS wavevectors parallel to the laser polarization vector, Figure 1(b) , the distribution of Λ is peaked at 710 nm. For wavevectors perpendicular to the laser polarization vector, Figure 1(c) , the distribution has a larger spread in values and is not centered around a particular wavelength. AFM analysis of the LIPS has shown that the LIPS magnitude for laser polarizations perpendicular to mesa edges are at least twice as large as those when the polarization is parallel to mesa edges.
For irradiation of Si at a peak fluence of 0.30 J/cm 2 , the critical carrier density is exceeded [3] . Therefore, SPP excitation on the Si surface is allowed when the laser polarization vector is perpendicular to mesa edges. SPP excitation shifts Λ below the incident laser λ and enhances the coupling of laser energy into the surface. The formation of LIPS with orientations which are not parallel to the mesa edge, Figure 1(c) , could be due to SPP excitation at defects on mesa edges which are present before irradiation. However, LIPS also form parallel to the mesa edge when the laser polarization vector is parallel to the edge, Figure 1(c) , showing that LIPS can form when SPP excitation is forbidden. A separate mechanism may be responsible for the formation of LIPS in this case.
These results have important implications for LIPS formation after multiple laser shots. Multiple laser shots are not required to form LIPS if features present on the surface act as sources for LIPS formation. When the laser polarization is perpendicular to surface features, SPP excitation forms LIPS with larger amplitudes when compared to polarization vector orientations not perpendicular to features. Depending on the laser fluence, each subsequent laser shot can form surface features and each feature may act as a source for LIPS formation at all angles. The degree of SPP excitation increases the LIPS amplitude and influences the LIPS orientation with each laser shot.
In summary, LIPS formation was observed in the vicinity of Au mesas after single-shot ultrafast irradiation of mesas with linearly polarized light. It is shown that mesa edges act as sources for LIPS formation and LIPS form for any polarization angle with respect to mesa edges. SPP excitation plays a role in LIPS formation after irradiation of Au mesas and more studies are required to determine the precise angular dependence of SPP excitation by surface features and the resulting LIPS morphology. This work was supported by the Defense Threat Reduction Agency, Basic Research Award # IACRO 10-4257I. Sandia is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Company, for the United States Department of Energy's National Nuclear Security Administration under Contract DE-AC04-94AL85000.
